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NATIONAL ADVISOR? COMMITTEE FOR AERONAUTICS 

ADVANCE"RESTRICTED REPORT 

DESIGN OP POWER-PLANT INSTALLATIONS 

PRESSURE-L03S CHARACTERISTICS OF DUCT COMPONENTS   \ 

By John R. Henry 

SUMMARY 

A correlation of what are believed to be the most 
reliable data available on duct components of aircraft 
power-plant Installations in presented herein.  The in- 
formation is given in a convenient form and is offered 
as an aid in designing duct systems and, subject to 
certain qualifications, as a guide in estimating their 
performance. 

; 

The design and performance data include those for 
t     straight ducts; simple bends of square, circular, and 
\ elliptical cross section; compound bends; diverging and 

converging bends; vaned bends; dlffusers; brunch ducts; 
\\ internal inlets; and angular placement of heat exchangers, 
i>. Examples are included to illustrate methods of applying 
\,i these data in ana?.yzinc duct systems. 
i 
i. 
' . INTRODUCTION 
* ', 
1 .'• 

The objectives in the design of an aircraft duct 
*• system ere to fit the components of tine system within 
£|     the available space and to meet an air-flow demand with 
fa minimum of energy loss. Analyses of duct Systems are, 

in general, made for one or more of the following 
• f    purposes: 

j* (1) Estimation of pressure loss in a duct 

(2) Determination of rate at which air will flow 
through a given duct system 
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(3) Calculation of exit area required to obtain a 
desired rate of air flow through a given 
duot system 

(I4.) Evaluation of airplane drag chargeable to flow 
through a duct system 

Aircraft duct systems occur in an infinite diversity 
of forms but, for the purposes of design and analysis, 
must at present be treated as a scries of component parts - 
such as bends, nozzles, and diffucers - for which design 
arid performance data are available.  Analyses of duot 
systems are Generally step-by-step procedures in \*hieh 
changes in the energy and the physical state of the 
ducted air are followed progressively from the free stream 
ahead of the airplane through the successive duct com- 
ponents to the point of discharge from the airplane. 
Simplified procedures for making such analyses are given 
In references 1 and 2, and a precise, rigorous method is 
given in reference 3»  These references are primarily con- 
cerned with analytical procedure and do not deal with loss 
characteristics of duct components. 

A large amount of experimental data and some theo- 
retical treatments of the flow in duct components exist, 
but the data often appear to l-t inconsistent and some of 
the theoretical treatments c;vd contradictory. This lack 
of agreement, is principally due to inadequate considera- 
tion of all variables affecting the flow characteristics - 
a natural consequence of the undeveloped state of the 
theory. 

The purpose of this paper is to present, in simple 
and concise form, information useful for the analysis and 
design of duct systems for aircraft power-plant instal- 
lations.  Data are presented on design criterions and 
pressure-loss characteristics of straight ducts, duct 
bends of various cross-sectional shapes, vaned bends, 
branch ducts, and several types of diffuser.  Several 
examples are presented to show methods used in analyzing 
duct systems. 

In the present report the most reliable data avail- 
able have beon used but some of these data are recognized 
as questionable.  In cases in which data from different 
sources are inoonsJatent, the material presented is, 
as far as possible, a mean weighted by consideration of 
the conditions under which the results were obtained. 
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In oases in which data for'a particular type of duct com- 
ponent have been obtainable from pn3,y one source and were 
therefore without adequate oorroboration, these data have 
been presented for lack of better. 

The flow characteristics of any duct component are 
considerably affected by variations in the nature of the 
up?-c«oau flow; for the data presented the type of flow 
is fchfif generated by a long; straight pipe.  Because of 
thie fifi'onc an»! the limitations on available data, the 
preosnl. discussion of flow coefficient* for duct compo- 
ne.".te 3s aub.'^ct to extension «id revision when more com- 
pr.*s«ir.nsXv3 d:ii;a become available.  If the pressure Riid 
velocity d.-'r-Tilb'.i.ti-iis of the flow at the irlot of a 
du?t t.:L>r;jc~.t'rif,  are r.ot uniform, Wie tr>tal-pv<=iS3ure loss 
thi'v:.-,v. tiie  r-ynrtc\.pr.z  will be groato.? thin -could ^e pre- 
die•-.-.: 27 V.G<:   >f t-.i&  present data.  Subject to those 
COK.".'. iJ.'.:JLCL.OI--3,   t?:s rviterial pre s or. tec. is offeroo. as a 
gu.W I:* dcri-n.'.^g iluot systema end estimating tr.oir 
per'.''?rT.a;jce; Iv.-.vevor, for the attainnert of beat perform- 
anca, complex a systems1 should be refined by tests of 
airplane nodexs in wind tunnels or tests of duct systems. 
in which the air flow is Induced by-blowers. 

SYKEOLS 
*/'«••" 

A duot crosü-sectional area« square feet     * V 

a velocity of sound, feet per second 

CL lift coefficient  (L/qo>i 

o length of vane chord, feet 

D hydraulic diameter, feet Vi3
V 

(L x flrogR-BocSijnal area of duct\ 
Perimeter of duct       / -To 

d   diameter, feet 

Pc  compressibility factor  il + ^-lt
2 + JTJ-MM 

f   friction factor for straight ducts (r/^ f) 
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s   gap or van© spacing, perpendiculor distance between 
vane chords, feet 

H   total pressure, pounds per square foot 

h   height of duct (in oace of bend, dimension in plane 
perpendicular to plane of bend), feet 

K   arbitrary constant 

k^ bfrnd-loss coefficient (%£• of bend divided by && 
of equivalent constant-area bend wiidi identical 
inlet) 

kg      total-preasure-loss coefficient or diffuser expressed 
as frscticn  Df loss due  to sudden expansion 

~ of  diffuse*  divided by     [l - idll 
\        "-GO/ j 

L lift, pounds per foot of spen 

I axial length of duct, feet 

U Mach nuuber  (V/a) 

m masE rate of flo?:, SIURS per second 

n nuur.ber of vanes in <?uct band 

P periicetar ot* duct cross section, feet 

p static pressure, pounds per square foot 

Q, volume rate of flow, cubic feet per second 

q dynamic pressure, pound:« per square foot (jpv ) 

R Reynolds number (pVD/V) 

r   radius, feet 
_ /ra + rb\ 
r   me&n radius of band, feet I —• • • • j 

T   temperature, °F absolute 

V   velocity in duct, feet per second 
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V0  free-stream velocity, feet per second 

w   duct "width" {fri case of beiid, düuena'lön in plane of 
bend), feet^ 

3t,y abscissa and ordlnabe of standard coordinate system 

a   angle of attack in relation to alr-atream direction, 
decrees 

P   angle of duct bend, degrees 
* 

X   angle of junction of duct and resistance unit, 
decrees 

p        tienaity of air,  slu^a per cubic foot 

|j absolute» vlscosiby of air,  pcJiid-eoconds per  square 
foot 

MI       total-pras-jiire loss,  pounds pej?  cquare  foot 

QH\    total-pressure  loss   Line  to  angle betv.een duct and 
resistance unit 

Ap       st«tic-procaur©  loss,   pounds per  r.cuft->e foot 

AT      ch"'.n3e  in t^mr-'Ji'P tura,   °F 

ÄV  total vecb-»r-volccity change, fjet per 3ocortr3 

9   one-h*If equivalent conical angle of expansion, 
degrees 

cp   one-half angle between strai£b.t w&ll3 of parti-ally 
curved diffuser, degrees 

&H£ total-pressure-loss coefficient 

r/w radius ratio 

h/w aapect ratio ••» 

Subscripts: 

a   Inside wall of bend 

b   outside wall of bend 

1 

I 
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d diffuser 

e exit 

f face 

fi flared inlet 

i inlet 

r resistance unit 

x arbitrary station 

0 in free stream 

1*2,3,«-. stations in duct system 

max maximum : 

min minimum 

GEN3HAL PRINCIPLES 01'' DUCT DESIGN 

Skin friction and flow separation are tv.o fundamental 
causes of pressure loss in full-' turbulent flow through 
any duct component.  The lose in n given duct couponent 
from each of the an caa3es is roughly proportional to the 
dynamic pressure of air flow.  Since the dynamic pressure 
of the air flow io proportional to tho square of the flow 
velocity, the firat basic principle in the design of 
efficient ducts is th3 maintenance cf a low flow velocity 
by the us9 of .ducts of adequate size. The importance of 
this principle may be illustrated by noting that, fcr a 
given rate of air flow, halving the dinreter of a circular 
duct multiplies the velocities Dy Ij. and tha losses by ?_6. 

Although skin friction is the dominant cause cf 
pressure loss in flow through straight duct? of constant 
cross section, this pressure loss is smell compared with 
the losses that occur when the main flow separates fron 
the duct walls and thus creates areas of reverse flow and 
violent turbulence between the main flow and the duct wall* 
These areas require velocities in the main strean higher 
than are otherwise necessary. The second basic principle 
in the design of efficient ducts, therefore, is the maxi- 
mum reduction of flow separation. 
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One type of flow-separation ocoura when forces arise 
in the air stream in a direction opposite to the direc- 
tion of flow. Such a force is the pressure rise (or 
"adverse pressure gradient11) produced by a deceleration 
of the air flow - for example, the deceleration of the 
air flow in a diffuser« The rate of pressure rise that 
may occur without producing flow separation depends on 
the velocity of flow near the duct wall, because the 
presence of thick boundary layers of slow-moving air is 
conducive' to separation.  Conversely, a decreasing pres- 
sure in the direotion of flow (or a "favorable pressure 
gradient")» such as occurs in a nozzle, tends to prevent 
separation. 

Changes of flow direction, as in bends, also give 
rise to forces that tend to cause separation of flow 
from the inner surface of the bend.  Surface roughness 
or protuberances that cause local disturbances or re- 
tardation of the air near the duct wall aggravate condi- 
tions of incipient separation.  Screens or resistances 
across the entire duct, on the other hand, tend to 
stabilize the flow and oppose separation by resisting 
flow increases In the center of the duct at the expense 
of the flow near the walls of the duct. 

PROPERTIES AND DESIGN OP DUCT COMPONENTS 

Pressure-loss characteristics and design criterlons 
of several typical duct components are given in fig-* 
irres 1 to l6.  The total-pressure-loss coefficient AH/q, 
a ratio of loss in total pressure to dynamic pressure at 
the entrance to the duct component, has been given di- 
rectly wherever possible; in all other cases, coefficients 
are given from which the pressure-loss coefficient can 
be computed. 

Straight ducts of uniform cross secclon.- The 
pressure-loss coerncient rbr straight duoHs* of uniform 
cross section is given by the relation 

-;     The friction factor f varies with the character of the 
duct surface and the Reynolds number based on mean air 
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velocity and the hydraulic diameter of the duot. Values 
of f obtained from figure 51 of reference q. are plotted 
against Reynolds number in figure•1. Data in figure 13 
of reference 5 agree closely with values in figure 1. 
Determination of the Reynolds number Is facilitated by 
supplementary curves obtained by plotting the retio of 
mass rate of flow to duot perimeter against Reynolds 
number for a number of air temperatures.  The kinetic 
viscosity of the air used in constructing the supple- 
mentary curves of figure 1 was determined by Sutherland's 
equation as presented in reference 6. 

A typical value of AH/q for straight aircraft 

ducts ia 0.02 p,  which is usually inconsequential com- 
pared with other parts of the system, and the loss in 
sections of straight ducts is generally neglected.  Long 
winding ducts of small diameters, such as cabin-heater 
ducts, are sometimes treated as straight ducts of higher 
than average pressure loss due to friction.  The us^ of 

is recommended in reference 7* 

90° bends of constant-area reotangular cross sec- 
tion.- Pressure-loss coefficients of 9flü bends of  " 
constant-area and rectangular cross section given in 
figure 2 for three values of Reynolds number based on 
hydraulic diameter are derived from data appearing in 
references fj. and 8 to 12.  The beneficial effect of 
large radius ratio appears throughout the range of R 
but the optimum aspect ratio shows a marked change with 
Reynolds number. 

90° bends of constant-area elliptical cross sec- 
tion.- Pressure-loss characteristics of 9°° bends of 
constant-area elliptical cross section are given in fig- 
ure 3 for three values of Reynolds number. The data 
include circular ducts as a special case and were derived 
from data in reference 5.  The benefits of large radius 
ratio and the existence of an optimum aspect ratio are 
noted for the bends of constant-area elliptical cross 
section as well as for rectangular bends.  The effects of 
Reynolds number are much less for bends of elliptical 
cross section than for bends of rectangular cross section 
and appear mainly for the bends of high radius ratio. 
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90° bends of changing area.- Significant data (de- 
rived .from reference 11) concerned with the relation of 
area' change" to "the" loss-in $0°  bends of- a particular 
geometry are shown in figure I4..  InthiB figure the ratio 
of loss in a bend with changing area to that in a bend - 
with identical inlet form but constant area la plotted 
against the ratio of entrance width to exit width of the 
nonuniform bend.  Important reduotion of loss in con- - 
verging bends and serious increases in loss in diverging 
benda are noted; the loss increases are particularly 
serious for bends of small radius. 

Simple bends other than 99°.*" No satisfactory' corra- 
ls tion~nas~^e^n—m^o^TcT-o?€a"Tor variation of pressure- 
loss coefficient with angle of bend.  Pressure loss of 
I4.50 bends can apparently vary from one-third to two- 
thirds the loss of a similar 90° bend, according to the 
test conditions. 

Compound bends.- Pressure-loss coefficients for three 
types of coiapcund bend (fig. 5) derived from reference 5 
are shown in figure 6.  Inasmuch tis differences in the 
losses between the U-, JL-, and JQ°-Qffaet  bands appear 
from reference 5 to be small and inconsistent, tn-j curves 
presented are averages of rosult3 for the three types of 
bend.  There eppears to be if.ttle variation of los3 with 
Reynolds number.  Introduction of a 5-foot spacer bet.veen 
the two parts of the compound bend has relatively little 
effect on the over-all loss but tends to give higher 
values for optimum aspect ratio. k  comparison of the 
l80°-bend (U-bend) data of figure 6 with th* 90°-bend 
data of figure 2 shows that the relative loss varies to 
a marked degree with the radius ratio and aspect ratio 
of the bend. 

Effects of surface roughness on band losses.- The 
effeot of surface rougnness on tne losses in straight 
pipes has already been given by the curves of fijure 1. 
A study of pressure-loss data for bends of'angles from 
30° to 90° and radius ratios from 1 to 6 (r3fcrenoe 11) 
indicates that the influence of surface roughness on the 
loss in bends» and presumably of other duct components 
.in which major flow disturbances arise, is vsry much 
greater than can be attributed to the Increase in skin 
friction at the mean velocity cf flow.  Analysis of the 
data in reference 11 suggests that the ratio of losses 
through two bends, identical except for surface roughness, 
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Is equal to the 1-75 power of the ratio of friction 
factors; that la» 

<& 

(The subscripts 1 and 2 In this equation are used to de- 
note the two bends of dll'ferent surface roughness.)  The 
exponent greater than unity aan be explained by the fact 
that any deviation from a uniform velocity distribution 
because of extensive boundary-layer separation or the 
existence of secondary flows would require that some of 
the flow be at velocities greater than the uniform 
velocity. Equation (2) would not, therefore, be expected 
to apply for a duct component not involving extensive 
secondary flows or separation. 

Equation (2) can be used to correct the bend-loss 
data of üiis report to values corresponding approximately 
to flow through duct bends wich rough surfaces.  The 
total-pressure-loss coefficient for smooth-surface bends 
can be determined from the data curves of figures 2 to 4 
and 6.  The curves label3d "Smooth surface" in figure 1 
are used to determine the friction factor for smcoth- 
surface bends. A. representative value of friction factor 
for rcu«h surfaces corresponding to ducts in preclusion 
alrpJaned v,lth tfcfl usual manufacturing irregularities 
is L.01. 

Vaned bends.- Vanes may often be advantagoously used 
in duct bondst  especially »hen an unfavorable radius ratio 
or aspect ratio must be tolerated bocause of some limi- 
tation peculiar to the particular design. A correctly 
designed vans installation will improve the velocity 
distribution at the exit of the bend and vrill generally 
reduce bha pressure losses through the bend.  The reduc- 
tion in -»ressure loss arises from the faot that the flow 
in a good vanad-turn installation approaches that flow 
whluh would occur If the passage were divided into 
smaller pr.nsag3S of the same depth out shorter width and, 
consequently, of more favorable aspect and radius ratios. 
V»hen more than three vanes are used, practical considera- 
tions usually require a bend with evenly apaoed vanes and 
equal inner and outer radii. The value that these radii 
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may attain is usually limited by the. space requirements. 
Figure 7 shows an Installation of thin oiroular-aro vanes 
and defines the variables concerned in the design of such 
a vane installation. The vanes are equal in radius and 
chord to the curved portion of the duot surfaoe. From 
figure 7 it can be seen that the chord o is equal to 
2r sin f-, 

2 
From material given in reference 11, the following 

expression for the number of vanes required can be derived; 

2 AVWi 

The quantity AV is the vector difference of the veloc- 
ities upstream and downstream of the bend, as illustrated 
in figure 7»  For a given bend configuration, therefore, 
the number of vanes depends on the lift coefficient at 
which the vanes are to operate.  If too high a lift coef- 
ficient is assumed In determining the number of vanes 
required, high losses and a poor velocity distribution 
downstream of the bend will result.  An assumed lift coef- 
ficient that is too low will result in too mariy vanes and 
the total-pressure loss through the bend will again be 
excessive.  Reference 9 indicates that, for thin vanes 
installed in a 90° bend, use of a lift coefficient of 0.8 
gives approximately minimum losses and a satisfactory 
(velocity distribution.  It is not known whether 0^=0.8 

is the optimum for thin circular-arc vanes for bend 
angles other than 90°, but a study of reference 13 indi- 

ct     cates that use of this value in designing bends other 
•>     than 90° bends should give satisfactory results.  Results 
9     given in reference 9 show that for a 90° bend the angle 
2    of attack of the vanes a should be Uß°, or 3° more than 
m half the angle of bend. For other angles of bend, the 

amount by which the angle of attack exceeds half the 
angle of bend might be adjusted proportionately to the 
angle of bend as a first approximation; that is, for a 
k5    bend, an angle of attack of Zk°  would be indicated. 

^'        .For a 90° bend with inlet and outlet the same in 
area and shape, equation (1) reduces to 

n = £-?- 1 (3) 

«.— 



12 NACA ARR No. ll\F26 

By using the value of CL = 0.8 for thin vane a, equa- 
tion (3) becomes 

n = S£.l' 

Results for vanes which have two different thickness 
distributions applied to mean lines approaching a circular 
arc are given in reference 9 and show -that» for the opti- 
mum vane Installation, the loss coefficient AH/q- is 
about O.25, a value relatively insensitive to vane thick- 
ness. For vane installations other than the optimum, 
the losses are higher and vary considerably with the pro- 
file of the vane.  The angle of attack for thick vanes 
is approximately the same as for the thin circular-arc 
vanes and small variations from the optimum angle of 
attack do not appreciably affect the pressure loss.  Values 
of CL from 0.9 to 1.0 may be used in determining the 
optimum number of these vanes to be used. 

Thin vanes of noncircular profile, which are suitable . 
for installation in bends of equal inl9t and exit cross- 
sectional areas, have been developed theoretically by 
KrÖber (references 2,10, lj, and ll|). Profiles for these 
vanes are given in table I and figure 8(a).  Tests (ref- 
erence 1-3) indicated that Installations using a vane of 
the type developed by KrÖber are very efficient, as shown 
by the low losses given in figure Q(b).  The required 
number of vanes for a given installation oan be deter- 
mined directly from the chord length and the gap-chord 
curve of figure 8(b;.  The break in this curve between 
angles of bend from J+50 to 6o° is apparently a result of 
the methods used in developing the profiles.  References 9* 
13, and 1& give specific data only for angles of bend of 
30°, k5°,  60°, and 90°. 

Dlffusers.- Losses of straight-wall diffusere of 
circular cross section may be computed from the curve of 
figure 9, which was derived from figure 10 of reference l£ 
and figure 1 of reference 16*  The loss coefficient is 
given by the relation 

f - *(l • 5£f «" 
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where kg is the Quantity plotted in figure 9 against 
the' equivalent oonioal- angle of expansion.... The loss due 
to an abrupt expansion is obtained from equation (ij.) by 
taking k2 equal to unity.  To a limited extent, the 
losses of diffusere of nonciroular orosB section; particu- 
larly those of square oross section, are approximated by '' 
the loss of an "equivalent oonioal diffuser" which has a 
circular oross section and of which the length, the inlet 
area, and the outlet area are equal to those of the non- 
ciroular diffuser. 

The most efficient straight-wall diffusers are shown 
in figure 9 to be those of equivalent conical angles of 
expansion between 3°.and 10°.  Frequently, however, 
because of restrictions on the length of diffuser, it is 
necessary to diffuse at angles higher than 10°.  Curved- 
wall diffusers (references 1J4 and 15), such as the design 
shown in figure 10, have been.found to have appreciably 
higher efficiencies than straight-wall diffusers, espe- 
cially at high angles of expansion. The performance for 
this type of diffuser is also shown in figure 10. At the 
higher angles of expansion, the lower pressure losses are 
obtained by diffusing gradually in the first part of the 
diffuser and more abruptly In the last part in order to 
delay the separation point In the flow.  Tests reported 
in reference 15 show no gain when the angle 2m is made 
greater than 1^.0°.  Other sources (unpublished) indicate 
that,, if the angle 2<p is greater than 60°, large losses 
will occur. 

Diffusers followed by resistance units, such as 
lnterooolers; are subject to lower pressure losses at 
high angles of expansion than are indicated in figure 9« 
An experimental Investigation to determine the shapes of 
oiroular diffusers for highest diffuser efficiencies in 
diffuBer-resistanoe combinations is reported in ref- 
erence 17* figure 11 is a sketch of the optimum shape 
and a plot of the inoluded angle between the straight 
walls of the diffuser 2<p against the equivalent conical 
angle of expansion 29.  The values of 2ip are those 
values that gave the highest diffuser efficiency.  The 
splid and long-dash curves of figure 12 show the pres- 
sure' losses in terms of the. loss due to sudden expansion 
for diffusers designed according to figure 11.  The 
short-dash curve of figure 12, which is an extension of 
the cursre given in figure 9* applies to straight-wall 
circular diffusers not followed by resistance and is 
shown for comparison. 
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Branch, dupta.- The problem of taking branches from 
a main air duct resolves into division or the main air 
stream and diversion of one or more of the consequent 
subdivisions of the main stream.  Division should be 
made as nearly as possible on a basis of relative air 
flows and la best accomplished with dividers or aplitters 
of rather blunt-nose airfoil Bhape, auch as the NACA 0021 
airfoil section.  (See fig. 1?.) Enlargement of cross 
sections immediately downstream of the point of divi- 
sion and In bends is to be avoldod.  Entrances to branch 
ducts should be normal to the air flow.  Figure 13 illus- 
trates tlia Application of these principles und shows the 
division of the main stream, the diversion of one stream, 
and the subsequent subdivision of the diverted stream. 

The internal-duct Inlet i3 a special problem associ- 
ated with branch ducts.  The inlet of a duct that taps 
air from a chamber in which the air ia essentially 
stagnant la known as an internal inlet.  Figure llj. shows 
several examples of such inlets with accompanying repre- 
sentative values of pressure-loss coefficient taken from 
reference 11.  The designs subject to the least pressure 
losses are the flared entrances, particularly the design 
using a lemniscate.  The equation of the curve In polar 
coordinates is 

r2 = 2K2 cos 2G 

The .part of the lemniscate ured In. the inlet design ex- 
tends over a range of 0  from l6° to 1+5° (fig. I4). 

Flow-resistance units set at angle to upstream duct.- 
The meeting at an angle of the Incoming air with the race 
of a resistance unit causes a total-pressure loss that 
depends on the amount of angle, the efficiency of the 
res!stance-unit core in its action as a turning vane, and 
the air-stream velocity.  Data on those losses, from which 
the curves of figure 15 were derived, were obtained from 
reference 18 and from the Wright Aeronautical Corporation 
and the Naval Aircraft Factory. The data apply to inter- 
coolers, circular oil coolers, ant' a viscoua-Impingement 
type of air filter.  The geometry of the ducts and 
resistances is also shown in figure 15.  The curves 
indicate that the pressure loss Is sinilar to the pres- 
sure loss of a duct bend in that- the aspect ratio of the 
resistance-unit air passages is a controlling, factor. 
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ILLUSTRATIVE EXAMPLES OP DUCT ANALYSIS 

Several examples illustrating the calculation of' 
pressure loss, air flow; exit area, and internal drag 
for duct systems I and IV of figure 16 are given in 
tables II to IV.  Each, of the hypothetical -duct systems 
shown in figure 16 adheres to the same general apaco 1 
requirements and has anyover-all inorease in the cross-   , r< 
sectional area from "$»9» square foot at Btation 1 to  k (<^ 
3.0 square feet at station 6. The selection of the  ^» 
pressure-loss coefficients is Illustrated for system I 
in table II.  Step-by-step computations for systems.I 
and IV are given in tables III and IV, end the pressure- 
loss distributions of the four systems are compared in 
figure 17. 

Duct system I (fig. l6) was designed according to 
the two basic principles of duct deslßn set forth in.the 
section entitled "General Principles of Duct Design." 
The high-velöcity air at station 1 is expanded ih a 
diffuser having an equivalent con Leal angle•of expansion 
of 7°> which Is shewn in figure y to bo eabjecb to mini- 
num pressure losses.  The diffuser is followed by a well- 
rounded $0°  bend cf constant crosa-sectJonal area.  The 
rest of tha diffusion is accomplished at a higher rete 
in a dlffujQi-. having a.u  equivalent conical png-le of 1J.80. 
Although tha rate of expansion is high In ehe second 
diffuser, the loss is not excessive because of tlio low 
dynamic pressure at the entrance.  The second 90° turn 
is quite sharp but does not oaus* a large pressure IOBS 
because of the low-velocity air.  Duct system II (Pig.l6) 
was designed so that nart of the.area expansion is accom- 
plished in tne first 90° bend.  Duct system III is an 
example of a compromise which emphaBiaos more than 
system I the principle of having low flow velocities. 

•The low flow velocity is obtained by diffusing at a 
higher rate of expansion. Duct systems III and IV repre- 
sent opposite extremes in relation to the initial expan- 
sion of the air.  In system III the expansion is accom- 
plished rapidly in a diffuser having an equivalent 
conical angle of l6° located upstream of the first bend;, 
in system IV all the expansion is accompli shed between 
the two 90° turns-with the area constant-from-stations 1 
to 5. 

The duct systems were assumed to be Installations 
in an airplane flying at sea level in Army summer air at 
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a true airspeed of J|00 miles per hour. For simplicity, 
the total-presaure losses from the free stream to station 1 
were assumed to equal the pressure rise given the air by 
the propeller; therefore, the total pressure at station 1 
is equal to the free-aweam total pressure.  The a£la- 
batic temperr.ture rise from the free stream to station 1 
was calculated by use of the following equation from ref- 
erence 2: 

AT01 = 0.832 \iou/     Vioo, )! (5) 

The total-pressure I033 through each duct unit was calcu- 
lated from the curves of this report as illustrated in 
table II for system I.  Tha compressibility correction 
to the dynamic precsure was negloct&d except at stations 0 
and 1 because of the low velocities.  The following equa- 
tion (from reference X9)  w*9 used to calculate the com- 
pressibility factor F0 at stations 0 and 1: 

Fc = 1 + Kf) +-ww 
The temperature from stations 1 to 5 w*s assumed constant 
because the systems contained no heet exchangers and the 
static-pres3ure chengss were Insufficient to cause sig- 
nificant changes in temperature. With the foregoing con- 
ditions and assumptions, the properties of the air» at 
each station were calculated as shown in tables III 
and IV. 

The total-pressure losses for each system are plotted 
against the duct stations in figure 17, in which system I 
is shown to be the most efficient.. The high losses asso- 
ciated with bends of increasing cross-sectional areas are 
verified by the curve for system II.  The curve for sys- 
tem III emphasizes the Importance of effJclently dif- 
fusing the high-velocity air even at the expense of 
greater bend losses, providing the tend design is rea- 
sonably good.  The data for system IV indicate the 
importance of efficiently reducing the air velocity as 
soon as possible even in those cases in which the effi- 
ciency of some of the following units must be reduced. 

The calculations for system I have been extended 
to illustrate the method of obtaining air flow, exit 
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area, and internal drag. B-zoause the calculation of pres- 
sure" drops across beat exchangers la a.problorn outaide 
the scope of this report, the heat-exchanger pressure drop 
is not considered in the subsequent discussion. The 
nature of the calculation is in no way affected by this 
simplification, but the resultant drag, internal-drag 
power, and exit area will consequently be much too small 
to be representative. A well-designed oxit duct was 
assumed to extend from station 6" to station 7* ths exit, 
and the total-pressure losses in this contracting section 
were assumed to be negligible.  Several mass, air flows 
through the system were assumed and the estimated total- 
pressure losses, oxit velocity, exit area, and internal- 
drag horsepower were evaluated for each sir flow.  The 
static pressure at the exit was assumed to equal the 
static pressure of the free stream; the temperature drop 
aascciiited with tho drop in 3tatic preosure from station 6 
to tire exit at station 7 Wßs assumed to be adiabatic. 
The following equation e.ipr3sses this adiebatic rolr-.tion: 

T6 - T7 = = AT, 

T6* -G0 
O.ZZ6 

The exit velocity V.- was calculated b/ substitutii:g 
ATe and V>  in equation (5)- ^ü  calculations i'or a 
mass air flow of 0.109 sJug ;)p.i- second are summar'tzod  ^pectFtc^ 
in table III.  Tha internal-drag horeopowpr caused by 
tho momentum deficiency of the dischfcrgijd air and ths 
exit areas required to obtain certain macs flows through 
the syatem arc plotted against mass air flew in f ißure 18. 
Prom these curves the exit area required for a givon uia3s 
flow or, conversely, the mass flow corresponding to a 
given e;:it area, may be detemined.  If a heat exchanger 
had been included in the foregoing arrangement» the 
pressure drop across it, the rise Ln cooling-air tem- 
perature through it, and the resultant density changes. 
would have had to be taken into account. 

COKCLUDINO REMARKS 

The pressure loss through a duct component is af- 
fected by the nature of the entering flow and, when 
unsymmatrical velocity distributions occur, the 
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pressure-loss coefficients are higher than those given 
herein for conditions of uniform flow«  This considera- 
tion raises the question of the aoouraoy with which the 
over-all losses for a duct system can be predicted by 
summation of component losses obtained from the material 
In this report.  As yet- no satisfactory anawer to this 
question exists, but this lack of data in no «ay ispaira 
the usefulness of the material contained heroin for de- 
signing duct systems for a minimum of loss. 

Although the pressure losses in a well-designed duct 
system should be small compared with the unavoidable 
heat-axchangcr pressure drop, the margin of pressure 
available over prassure required is vary small, particu- 
larly for full-power climb; and elimination of unnecessary 
duct losses often makes the difference between an accept- 
able and an unacceptable Installation. 

Langley Memorial Aeronautical Laboratory 
National Advisory Committee for Aeronaublcs 

Langley Field, Va.-, Kay 13, lQl+lj 
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TABLE I.-  ORDINATES FOR KRCH2R VANE PROFILES 
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i 

x/c 
y/o"  "          •    • 

90° bend 60° bend k5° bend 30° bend 

O.OG, 
.05 
.10 
.15 
.20 
•25 
.30 

!£o 
.50 
.55 
.60 
.65 
.70 

!eo 
.65 
.50 
.95 

1.00 

0.000 
.087- 
.154 
.200 
.256 
.262 
.277 
.2&4 
.281+ 
.285 
.275 
.2fc0 
.2142 
.219 
.192 
.167 
.137 
.10I1 
.071 
»057 
.000 

0.000 
,04l 
-07U. 
.100 
.12Ü 
.1I0 
.153 
.161 
.166 
.168 
.161^ 
.157 
.151 
.142 
.129 
.111 
.096 
.07a 
.Qi*8 
.026 
.000 

0.000 

.075 

.09I+ 

.105 

.103 

.094 

.078 

.Ü58 

.030 

.ÜÜO 

0.000 

.031 

.051 

.067 

.071 

.071 

.067 

.055 

.000 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 



TABLE II.- ESTIMATION OP TOTAL -PRESSURE-LOSS COEFFICIENTS FOR DUCT SYSTEM I 
(Mass flow = 0.109 slug/sec; temperatur3 = 58I4-.I10 F absj 

InitialJFinal 
station station Controlling parameters Calculated values 

Duct component, rectangular diffusera 

Diffuser 
equivalent 
conical 
angle of 
expansion, 

26 
(deg) 

Initial- 
station 
cross- 
sectional 
area, 

Adi 

Final- 
stduion 
cross- 
sectional 
area. 

(sq ft) 

Diffuser 
coefficient, 

±2 
(fig. 8) 

Diffuser 
total- 
pressure- 
loss 
coefficient, ' 

A5/q 
(1) 

1 
3 

2 
k 7-Ä 13.8 

0.250 0.515 ' 
3.00Ü 

0.130 • 
.267 

0.051* 
.163 

Duct component, ^O3 rectangular bends 

Bend 
aspect 
ratio, 
h/w 

3e\v\ 
radius 
ratio, 
r/w 

3.00 
.78 

Mass flow Reynolds 
number, 

R 
(fig. 1(b)) 

Bend total- . 
pressure-loss; 
coefficient, 

AH/q 

(fig. 2) 

Perimeter' 
m/P 

/slus5/8ec\ 
\  ft  / 

2 
k 

3 
5 

1.0 
1.0 

0.0330 
.0158 

570,000 
155,000 . 

0.069 
• 500 

_ ATI 
1Diffuser tot&l-pressure-loss coefficient -— = k^l - 

Ade; • 

> 

o 

ON 

ß 
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1QÖÖÖ löö'jböo 
Reynolds number_, R 

(a) Reynolds number 9  1,000 to /OOßOO. 
Figure l.-Friction-factor and Reynolds number determination for straight ducts. 
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(b) Bends   without  spacers; Reynolds number^ 600,000. 
Figure 6.-  Continued. 
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Figure 7. - Bend with thin circular-arc vane«. 
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DESIGN OF POWER-PLANT INSTALLATIONS 
PRESSURE-LOSS CHARACTERISTICS OP DUCT COMPONENTS 

By John R. Henry 

June 19U 

Pages 8 and 9 and figures 2,  3* and 6 have "been corrected to include a 
calculated friction loss in the over-all loss coefficient for the 
"bend. The corrected pages are attached to replace the corresponding 
pages and figures in the original version of this paper. 
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velocity and the hydraulic diameter oi* the duct. Values of f obtained 
from figure 51 of reference k  are plotted -against Reynolds number in 
figure 1. Data in figure 13 of reference 5 agree closely with values in 
figure 1. Determination of the Reynolds number is facilitated by supple- 
mentary curves obtained by plotting the ratio of mass rate of flow to 
duct perimeter against Reynolds number for a number of air temperatures. 
The kenetic viscosity of the air used in constructing the supplementary 
curves of figure 1 was determined by Sutherland's equation as presented 
in reference 6. 

A typical value of AH/q for straight aircraft ducts is 0,02 -L 

which is usually inconsequential compared with other parts of the system, 
and the loss in sections of straight ducts is generally neglected. Long 
winding ducts of small diameters, such as cabin-heater ducts, are some- 
times treated as straight ducts of higher than average pressure loss due 
to friction. The use of 

£S - o.o4 1 
q B 

is recommended in reference 7- 

90° "bends of constant-area rectangular cross section.- Pressure-loss 
coefficients of 90u  bends of constant-area and rectangular cross section 
given in figure 2 for three values of Reynolds number based on hydraulic 
diameter are derived from data appearing in references 5 and 8 to 12. 
The data of reference 5 are presented as a loss coefficient chargeable to 
turning which was obtained by subtracting from the measured over-all loss 
of the combined approach duct, bend, and tail pipe a calculated friction 
loss for the approach duct, bend, and tail pipe. All the bend data pre- 
sented herein have been reduced to an over-all loss coefficient for the 
bend proper, or the data of reference 5 restored to an over-all loss by 
adding in the calculated friction loss of the bend. Figure 2 indicates 
that increasing the radius ratio beyond a value of about 2.00 yields no 
further reduction in loss, and that the optimum aspect ratio varies 
markedly with Reynolds number. 

. 90° bends of constant-area elliptical cross section.- Pressure-loss 
characteristics of 90° bends of constant-area elliptical cross section 
are given in figure 3 for three values of Reynolds number. The data 
include circular ducts as a special case. The same general effects of 
radius ratio and the existence'of an optimum aspect ratio are noted for 
the bends of constant-area elliptical cross section as well as for 
rectangular bends. The effects of Reynolds number are much less for 
bends of elliptical cross Bection than for bends of rectangular cross 
section. 
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90° "bends of changing area.- Significant data (derived from 
reference 11) concerned with the relation of area change to the loss 
in 90° bends of a particular geometry are shown in figure h.     In this 
figure the ratio of Toss in a hend with changing area to that in a 
"bend with identical inlet form but constant area is plotted against 
the ratio of entrance width to exit width of the nonuniform bend. 
Important reduction of loss in converging bends and serious increases 
in loss in diverging bends are noted; the loss increases are par- 
ticularly serious for bends of small radius. 

Simple bends other than 90°,-- No satisfactory correlation has 
been made of data for variation of pressure-loss coefficient with 
angle of bend-  Pressure loss of 45° bends can apparently vary from 
one-third to two-thirds the loss of a similar 90° bend, according to 
the test conditions. 

Compound bends.- Pressure-lose coefficients for three types of 
compound bend (fig. 5) derived from reference 5 are shown in fig- 
ure 6.  Inasmuch as differences in the losses between the U-bends, 
Z-bends, and 90° offset bends appears from reference 5 to be small 
and inconsistent, the curves presented are averages of results for 
the three types of bend. There appears to be little variation of 
loss with Reynolds number.  Introduction of a 5-foot spacer between 
the two parts of the compound bend increases the over-all loss appre- 
ciably due to the added friction loss. A comparison of the l80° bend 
(U-bend) data of figure 6 with the 90° bend data of figure 2 shows that 
the relative loss varies to a marked degree with the radius ratio and 
aspect ratio of the bend. 

Effects of surface roughness on bend losses.- The effect of sur- 
face roughness on the losses in straight pipes has already been given 
by the curves of figure 1.  A study of pressure-loss data for bends 
of angles from 30° to 90° and radius ratios from 1 to 6 (refer- 
ence 11) indicates that the influence of surface roughness on the 
loss in benda, and presumably of other duct components in which major 
flow disturbances arise, is very much greater than can be attributed 
to the increase in skin friction at the mean velocity of flow. 
Analysis of the data in reference 11 suggests that the ratio of 
losses through two bends, identical except for surface roughness, 
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Figure. Zr Continued. 
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